The short-time dynamics of amorphous beryllium oxide (a-BeO) has been investigated for electronic excitation/ionization by fast incident electrons, as well as by Ar 7+ , Ar 
Introduction
The interaction of fast ions with solids leads to an excitation of a large phase-space volume regarding the electronic degrees of freedom, with only minor nuclear energytransfers at the same time. Notwithstanding the complexity that arises due to the large variety of ion-solid interaction processes, the primary interaction is extremely well localized in space (typically on an atomic scale) and in time. The time duration of individual energy-transfer processes for fast ions is about 10 -16 s and less, far below typical electronic or atomic relaxation times. Exactly this separation in time makes the energy-loss of fast ions more or less insensitive to details of the chemical structure and to the Bloch-wave nature of target-electron wave-functions 1 . During recent years, our knowledge on primary energy-transfer processes for intermediate to high velocities has reached a high level of sophistication 2, 3, 4, 5, 6, 7 , 8, 9 . Thus, fast ions are ideal candidates for short-time investigations specifically of electronic relaxation processes in solids.
The corresponding energy dissipation of fast ions in solids is mainly accompanied by various electronic excitations and a large number of electrons may be emitted per primary projectile. Their total number and their energy and angular distributions may be analyzed using electron spectroscopy 10, 11, 12 , specifically Auger electron spectroscopy 13, 14 , in order to gain information about the early stage of ion-solid interactions. The electronic energy dissipation and relaxation are still subject to intense investigations and effects of the high energy density show up for focused short lasers pulses 15 and for individual slow 16 as well as swift 17 heavy ions.
Introduction: fast heavy ions in metals
Highly charged ions at specific energies of a few MeV/u (at 10% the speed of light)
provide extremely high excitation densities, leading to non-linear effects. At volume energy-densities beyond a certain material-dependent limit, plasmons as well as other (quasi-) particle excitations are overlapping. This leads to a coupling of basic excitations and may have a significant influence on energy-dissipation processes. In principle, a breakdown of usual band-structure-concepts is conceivable, but in most cases indications for a local thermal equilibrium in the electron gas with a Fermi-Dirac distribution at high electron temperatures and a rapid neutralization of the ion track have been observed 17 .
For metals and semi-metals, electron temperatures have been determined from the linebroadening of Auger electrons ejected into the backward hemisphere 17, 18 . For modifications of these materials, either electronic thermal-spike effects 19, 20 or lattice instabilities 21 may play a major role, where hot electrons at electron temperatures up to about 100000 K 22, 23 transfer their kinetic energy or the atomic potential energy to the lattice.
Introduction: insulator and semiconductor targets
The short-time dynamics of insulators and semiconductor targets displays additional effects in comparison to metals. One of these effects is the evolution of a so-called nuclear-track potential, resulting from an electrostatic cylindrical net charge due to positively charged target-atoms and displaced electrons after primary ionization. Only for very few cases, indications for an ion-track potential have been found. Such a potential may finally lead to materials modifications via the so-called Coulomb explosion 24 of target atoms, but typically the mechanism cannot be traced back from the resulting atomic rearrangements. For shorter times, however, the potential itself shows up in the surface-scattering of molecules 25 , or in the penetration of convoy electrons through the surface (polypropylene, PP) 26 , or in a strong energy reduction of target Auger electrons (in PP and mylar) 27 in the sub-fs-and fs-time domains. This effect seems to be found mainly for large-band-gap insulators, where electrons may be trapped and holes have low mobility.
For many other materials, such as metals (Al and different metallic glasses) and semimetals (C and Be), such track potentials have not been found or they are small (for Si). 28 For Si targets we find Auger-energy reductions that maximize for short decay times and for amorphous samples (in comparison to Si(111) crystals with 7x7 reconstruction), reaching 3 eV for very heavy projectile ions, 28 consistent with the spectra measured previously by another group 13 . This relatively small effect (compared to 40 eV for Ne ions on PP) is assigned to a very slow component of the nuclear-track potential with τ track > 30 fs. Very likely, this component is due to self-trapped excitons in the amorphous material, resulting in a slightly reduced electron density in the track. For a crystalline Si sample, thermally displaced atoms, specifically those close to the surface, might provide meta-stable self-trapping conditions.
In this paper, we concentrate on another short-time effect, namely a possible breakdown of the electronic ground-state band-structure of a specific insulator. Recently, Be Augerelectrons emitted from an ionic BeO surface film due to excitation by fast heavy ions have been investigated for the first time 29 . Here, the Be K-Auger spectra are analyzed in more detail using auxiliary x-ray data for quantitative comparison and K-Auger spectra related to the oxygen site of BeO are presented and analyzed for the first time. As it will be shown, the Auger spectra are neither simply consistent with nuclear-track potentials nor with an electron temperature-broadening or with a combination of both. Similarities and differences of the dynamics for both BeO sites, will be discussed for two K-vacancy configurations in this paper.
Experimental method
The experimental UHV setup with the necessary modifications for the BeO experiments has been described in detail previously. 29, 30 Hence, only a short description will be given here. Electron spectra have been taken with a modified electrostatic parallel-plate electron spectrometer involving optimized transmission and energy resolution. 31 The spectrometer was located at a detection angle of 135° with respect to the (normal) incident ion-beam direction inside a doubly magnetically shielded ultra-high vacuum chamber (with typical working pressures close to 10 -10 mbar dominated by an H 2 contribution).
The channel-plate detector has been shielded against γ-rays from nuclear reactions. As shown previously 29, 32 , thin BeO films of about 3 nm thickness 33 34 . In the final ion-beam times presented here, we have used either pure oxygen exposure at about 10 -6 mbar or alternatively continuous 500-eV O-ion implantation inside the main chamber, in order to prevent any net erosion effect. In both cases, we found time-independent Auger spectra for several hours of ion irradiation as well as for electron irradiation, pointing to dynamically clean and stable surface conditions. We have averaged several raw electron spectra (basic data acquisition time of about 10 minutes) for each of the displayed spectra. No indications have been observed for an exciton-induced surface metallization 35 (this might have been suppressed by the vicinity of the oxide/metal interface or by the global irradiation temperature of ~200 °C) or for complete erosion (needs one to two hours of continuous irradiation when we do not use re-oxidation) 32 .
Results and Discussion
In the following, results for the two sites of BeO will be presented and discussed independently. Subsequently we will present and discuss results for multiple inner-shell ionization and for the valence-band dynamics of BeO by comparing data for oxygen and beryllium atoms.
Results and Discussion: The beryllium site of BeO
The Be site of BeO has been investigated recently for incident electrons and incident ions. 29 The electron-induced Be-K Auger-electron spectrum of bulk BeO samples and BeO surface films has been investigated previously also by several other groups 36, 37, 38, 39, 40, 41 . This Auger decay involves an initial K-shell vacancy that becomes filled by an electron resulting from the interaction of two weakly bound electrons. The measured spectra or the corresponding differentiated yields agree well among each other as well as with our measurements for a fully oxidized surface 29 . In this section, we try to provide more details on the Be-K Auger spectra by further analyzing the previously published data and by providing auxiliary x-ray data for a deeper understanding of electronic structure and dynamics of BeO. As usual, secondary-electron backgrounds have been subtracted by adjusting a fit function to the shape of the Be spectra at energies above 160 eV (below the oxygen Auger structure, the electron yield is dominated by ejected δ electrons) and below 50
eV. 30 Here we allow for two different scaling factors for both energy regions. By doing this, we assume that low-energy shape of the spectrum is given by electron-cascade processes, which should be very similar whether initiated by δ electrons or by Auger electrons. Thus, the resulting Auger spectra after background subtraction will contain the initial Auger structure plus a low-energy wing, representative for electron slowing-down and cascade multiplication. Furthermore, the spectra in In fact we found a fit function that fits the peak and part of the low-energy wing simultaneously. The displayed thin solid curve that merges into the K 2 -XV peak for 1.78
MeV/u Xe 31+ ions is an example for such a fit.
The difference of the mean K eV at the right shoulder) towards higher energies, when the perturbation is increased from primary electrons to Xe 31+ ions.
Lets now concentrate on the K 1 -XV Auger structure, which consists of several individual peaks, especially for incident electrons (we discuss the evolution of the ion-induced spectra of Fig. 1 at the end of this paper). Using electron energy-loss spectroscopy (EELS) data for our sample and band-structure calculations accounting for the core hole in Be, 42, 43, 44 we could clearly identify most of the peaks. 29 The main peak at 91 eV, is 46 For the displayed spectrum, the primary x-ray energy was tuned to the resonance energy of the Be-K core-hole exciton (che) at 119.3 eV. Thus, we investigate resonant inelastic x-ray scattering (RIXS). The structures below the emission energy of 110 eV are due to the decay of BeO spectator states after Be Kvacancy production. They are related to the same states that determine the Auger spectrum in Fig. 1 . In fact, use of the line positions in Fig. 2 would have improved our previously published Auger-simulation curve 29 based on band-structure calculations.
The most interesting part of the spectrum in Fig. 2 , however, is the x-ray decay of the core-hole exciton. The sharp line (green curve) at the energy of 119.3 eV is due to elastic resonant scattering and indicates the energy resolution of the whole apparatus. In agreement with a pioneering x-ray investigation of BeO, 47 we find a bi-modal decay structure due to energetic relaxation (involving electron-phonon coupling) of the corehole exciton. This bi-modal peak structure is indicated also by the two blue arrows in Fig.   1 (denoted che). It explains why the exciton-related Auger structure is found 3 eV lower than expected on the basis of a density-functional calculation without relaxation. The double structure also explains why the measured peak in Fig. 1 is broader than expected beforehand. Furthermore, these x-ray investigations 46, 47 indicate that exciton population and relaxed exciton decay are strongly suppressed by non-resonant and by nonperturbative interactions (interactions of highly charged ions lead to elevated temperatures of the electron systems and of the lattice). Thus, exciton population might have some small influence on the spectra for Ar 7+ ions in Fig. 1 , but probably not significantly on the spectra for ions at higher charge state.
2. Results and Discussion: The oxygen site of BeO
The oxygen site of BeO has not been investigated before with swift heavy ions. However, before we turn to the discussion of ion induced spectra, we should make sure to understand Auger data for incident electron. In this case, only the O-K vacancy will influence the BeO band structure. This comparison includes a-BeO films from reactive (using an Ar/O 2 gas mixture) rf sputter deposition onto clean metallic Be (measured by Schalch et al.) 41 , from slow oxidation of a clean Be surface by residual oxygen contaminations in the UHV system (investigated by Suleman and Pattinson) 38 , as well as a poly-crystalline BeO film produced by heating of Be targets to about 600 °C in an oxygen atmosphere (by Soule´ de Bas et al.) 48 . For the data sets by Schalch et al. and by Suleman and Pattinson, energyscale corrections of +3 eV and +7 eV have been performed, in order to improve the overlap among the different spectra. The statistical fluctuation of our own data is due to averaging of a limited number of electron-reference spectra, taken between the ion runs.
All four electron induced spectra in Fig. 3 are very similar, a signature of a common oxide-target structure. Only the data by Soule´ de Bas et al. 48 seem to show somewhat more pronounced structures, either due the band-structure of the poly-crystalline BeO film or due to a higher resolving power of the electron spectrometer. Note that the necessary broadening of the spectrum by 11 eV might be an effect of the hole-hole interaction. It can, however, not be explained by the effect of the amorphous BeO target structure (this effective broadening might be 5 eV or less 29 ).
It is seen that this model spectrum is not very far from the experimental one. Specifically it contains the full peak structure, namely the two strong peaks at 508 eV and 487 eV and even the small shoulder at about 470 eV. The estimated peak intensities, however, show significant deviations from the experimental spectrum. This might partially result from an oversimplification of the electron energy-loss treatment or of the scaled matrix elements.
However, experience with the Be core-hole suggests that relaxation of the electron density in the surrounding of the K ionized oxygen site might be important for the band structure.
As one may see, the peak assignment in Fig. 4 is not straight forward. Only the Auger peak at the highest energy (508 eV) is clearly due to K-VV transitions where two electrons of the V I and V II valence bands are active in the decay. The other two peaks are combinations of plasmon shoulders and Auger transitions involving the O-L 1 state. We are confident, however, that we understand the gross features of the Auger spectrum for incident electrons. After the above discussion of the Auger spectrum due to fast primary electrons, related to perturbative interactions with the target electrons, we will focus in the following on strong perturbations as they are produced by highly charged ions at a similar particle velocity (at specific kinetic energies of a few MeV/u). used for extrapolation), as described for the data in Fig. 1 . The black solid curve shows the data for primary electrons at 2.7 keV, already discussed in the proceeding two figures.
The variation of the spectra in Fig. 5 is due to the projectile dependence related to the strong electrostatic interaction of fast Ar and Xe ions for different incident charge states.
From these spectra one may extract that the position of the O K 1 -XV Auger peaks is shifting by about 8 eV at the maximum (by 10 eV at the high-energy wing) towards higher energies, when the perturbation is increased from primary electrons to Xe 31+ ions.
Furthermore, it is seen that the ion-induced spectra involve a double-peak structure with a fixed peak-to-peak distance of 20 eV, consistent with the two uppermost peaks for incident electrons. Thus, the whole spectral structure seems to be shifting to higher energies as function of the perturbation.
Furthermore, the shape of the energy-loss shoulder at energies below the Auger lines is clearly different from the incident-electron case. The extreme variation of the spectral structure for the Be atom seems to hide this effect (see Fig. 1 ), but it is in agreement with practically all ion-and electron-induced spectra investigated so far. 17 It is not unlikely that this smearing out and background-enhancement is due to enhanced energy-loss rates (reduced mean free paths) of Auger electron leaving the hot electron gas around the ion track. A similar Auger-electron absorption in a hot electron gas was observed in the angular distribution of Auger electrons from ion tracks. is 66 eV (somewhat higher than our theoretical estimate).
Results and Discussion: Double K-vacancies in BeO
Finally, we discuss the most important features of the spectra in Figs. 1 and 5, trying to deduce a consistent interpretation of the dynamics in a-BeO after penetration of fast highly charged ions. In order to get an inside on the strength of the interaction between the heavy ions and our BeO films, we concentrate first on multiple inner-shell ionization of the Be and O sites. Previously, we have performed such investigations for the carbon K-shell and for the silicon L-shells. 17 In this paper, we present such data for the first time for heavy ions interacting with a compound target. corresponds already to the wanted cross section fraction σ(
practically each Auger electron from double ionization is followed afterwards by a K 1 -XV transition (here we neglect the fraction of x-ray transitions of about 1%).
The symbols in Fig. 6 show that the fractional double ionization cross section is strongly increasing with the modulus of the incident projectile charge state or equivalently with the perturbation strength. The ratio for Be-K increases from value of about 0.4% for incident electrons to 22% for the heaviest ions. For O-K vacancies there exists only a faint indication of an electron induced double ionization (probably due to shake-off processes) and a meaningful ratio can't be deduced from the present data. Heavy ions, however, lead to a very strong double ionization fraction, up to 64% for 1.78 MeV/u Xe 31+ ions. Even more information may be extracted from the shape of the fit curves.
These fit curves resemble roughly the behavior of the quantum mechanical first-order Magnus approximation 52, 53 or full coupled-channel calculations 3 . Within perturbation theory, ionization probabilities for each independent electron are proportional to the squared projectile charge q 2 . Hence, double ionization is proportional to q 4 , single ionization to q 2 and thus, the ratio should follow q 2 for small values of q. At high charge state non-perturbative theories predict (mainly) a saturation of the cross section ratio beyond a certain projectile charge. This saturation regime seems to be reached for Be at q>10 and for O at q>20. These saturation regimes are related to ionization probabilities of 100% per electron (for zero impact parameter) at the center of the ion track. Thus, for the strongest perturbation (1.78 MeV/u Xe 31+ ions), we expect ionization of all electrons (K-and L-shells for both species as well as the local valence-band population) at the center of the ion tracks.
4. Results and Discussion: Spectral variations of the ion-induced Auger lines
Let us now try to derive a common picture through a more detailed analysis of Figs. 1 and 5. First, we should be aware that the investigation of Auger spectra of Be and O for single and double ionization is related to snapshots of the time evolution of the electronic system. For single Be-K ionization we estimate an extremely long Auger decay time of τ(Be-K 1 ) = 300 fs, by scaling the known decay time of metallic Be with the partial density of states of our band-structure calculation. 29 The ionic character of BeO leads to an increase of τ(Be-K 
. Below, we will discuss the different spectra along this time line.
a) The O K 2 -XV Auger structures do not show any visible peak maximum and they are they extremely broad, not comparable to any of our previously investigated Auger spectra. The mean energy of this structure seems to be lower than our theoretical energy estimate. The high-energy edge is somewhat higher (by 10 to 20 eV) than expected on the basis of this perturbative estimate. This could be an indication for a high electron temperature (leading to the high edge energies) and for a neutralization of a strong track potential during the Auger-decay time.
Considering the fast Auger decay within about 2 fs and the strong perturbation due to double K-ionization, a superposition of both effects is conceivable. But the broad spectrum does not allow a quantitative evaluation of such effects.
b) The shapes of the O K 1 -XV Auger peaks due to incident ions are related to the structure measured for incident electrons. They contain typical effects of a high electron temperature (broadened high-energy edge and enhanced energy-loss shoulder below the peak maximum). However, we find a positive shift of the O K 1 -XV Auger maximum by about 8 eV towards higher energies for the heaviest ions. Note that a possible influence of an ion-track potential would lead to an energy reduction and not an energy increase. 17 A possible explanation for this positive shift will be given below.
c) The Be K 2 -XV Auger structures for incident ions show a broadening of the highenergy edge that increases with the perturbation. Compared to the small Be K 2 -XV peak for incident electrons (not visible in this scale), the ion induced spectra as a whole shift to higher energies (by about 5 eV) with increasing perturbation.
Thus, the Be K 2 -XV spectra show features similar to the O K 1 -XV Auger peaks, with a slightly weaker projectile dependence. The positive Auger-energy shift seems to be too strong to be exclusively due to an electronic population-density shift, directly related to the high electron temperatures (this would require temperatures above about 500,000 K, inconsistent with the high-energy wings of the Auger structures). A more likely explanation for the observed shift is the closing of the energy gap of BeO, known for high lattice temperatures 54 eV are increasingly strong suppressed as a function of the perturbation (for more highly charged ions). At a kinetic energy of 102 eV (about 0.5 eV above the corehole exciton peak for incident electrons), a single sharp peak seems to be growing with increasing perturbation. Finally, for Xe 31+ ions, however, only a single asymmetric high-energy peak or cut-off is visible with a nearly smooth and relatively flat low-energy background. It is noted that the Be core-hole exciton is of minor importance for the heavy-ion induced spectra, as follows from the discussion below and from the remarks concerning Fig. 2 .
The shape variation shown in Fig. 1 is in contrast to all previous Auger investigations (for metals, semi-metals, metallic glasses, semi-conductors, and even polymers) 10, 12, 13, 17, 22, 23, 27, 30 . Specifically, the electron-and ion-induced spectra in Fig It is also noted that the average energy of the main Be K 1 -XV Auger structure (evaluated at energies above 81 eV) shifts from 91.9 eV to 98.7 eV. This positive shift of 6.8 eV is consistent with the energy shifts found for O K 1 -XV and Be K 2 -XV and it seems to be related to a partial or even complete closing of the energy gap. Additional information may be extracted from the asymmetric shape of the Auger spectrum found for Xe 31+ ions. Such a structure-less background below a high-energy cut-off was visible even more clearly for fast Au 41+ ions on partly oxidized BeO samples, published previously. 29 The shape and position of this peak were shown to agree well with Be K 1 -XV spectra for the same ion beam on a pure Be metal surface (without any energy gap). We take this agreement as a strong indication for a metallic character of BeO after excitation by heavy ions. In other words, we expect a complete closing of the energy gap of BeO.
Conclusion
We have investigated the electronic excitation/ionization of amorphous beryllium oxide by fast incident electrons, as well as by Ar 7+ , Ar 15+ , Xe 15+ , and Xe 31+ ions at similar velocities of 6% to 10% the speed of light. We have analyzed the Be-K Auger spectra in more detail than previously (considering also results from resonant inelastic x-ray scattering RIXS) and we have presented an EELS spectrum for a temperatures between 60 000 and 120 000 K for heavy ions.
These three spectra also involve a shift of the mean peak position by about 5 to 8 eV towards higher energies, related to a switching of the band structure from an insulating ionic to a metallic character (corresponding to a complete closing of the energy-band gap). In fact, at kinetic electron energies above 80 eV, the Be K 1 -XV structure may be decomposed for each projectile into an insulator spectrum (taken for incident electrons) and a structure-less asymmetric peak representing the metallic state. This switching might be a direct electronic band-structure effect due to the modified screening at high electron temperatures, 29 of the Be-K core-hole exciton (che). After subtraction of a background due to diffuse scattering inside the x-ray spectrometer, an elastic-scattering peak (fitted green solid curve) has been subtracted from the spectrum resulting in the (red) diamond symbols. Be-K ionization. The evaluation procedure (including corrections) is described in the text and the solid curves are to guide the eye.
